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Clathrates are candidate materials for thermoelectric applications because of
a number of unique properties. The clathrate I phases in the Ba-Ni-Ge ternary
system allow controlled variation of the charge carrier concentration by
adjusting the Ni content. Depending on the Ni content, the physical properties
vary from metal-like to insulator-like and show a transition from p-type to
n-type conduction. Here we present ﬁrst results on the characterization of
millimeter-sized single crystals grown by the Bridgman technique. Single
crystals with a composition of Ba8Ni3.5Ge42.1h0.4 show metallic behavior
(dq/dT> 0) albeit with high resistivity at room temperature [q (300 K) =
1m X cm]. The charge carrier concentration at 300 K, as determined from
Hall-effect measurements, is 2.3 e
/unit cell. The dimensionless thermoelec-
tric ﬁgure of merit estimated at 680 K is ZT  0.2.
Key words: Clathrates, thermoelectric material, intermetallic compound,
nickel
INTRODUCTION
Intermetallic clathrates are currently under
investigation because of their potential as thermo-
electric materials. Their crystal structures consist of
a covalently bonded framework of mainly group 13
and group 14 elements with large polyhedral cages,
which can be ﬁlled by electropositive metal atoms.
In type I clathrates, each unit cell contains two
small 20-atom cages, X20, and six large 24-atom
cages, X24 (Fig. 1).
The low lattice thermal conductivity jl of clath-
rates is explained by the interaction of localized
vibration modes of the encapsulated metal atoms
(‘‘guest’’ atoms) with heat-carrying phonons.
1,2 In
addition, for a high thermoelectric ﬁgure of merit
ZT = S
2T/q(jl + je), the power factor S
2/q has to be
high. Unfortunately, the thermopower S and the
electrical resistivity q are interrelated in an unfa-
vorable way. Metallic samples with low q typically
have low S and high electronic thermal conductivity
je. On the other hand, semiconducting samples with
large S have too large q. Hence, the best ZT value
for a compound can only be a compromise and has to
be obtained by optimizing the charge carrier con-
centration, and thus the chemical composition.
Clathrates in the Ba-Ni-Ge system allow for con-
trolled variation of the charge carrier concentration
within the homogeneity range.
3,4 The compositions
can be rationalized within a hypothetical Zintl
phase Ba8Ge42h4, in which the vacancies (h) are
successively ﬁlled by Ni atoms.
3 Depending on the
Ni content, the phase shows a metal-to-insulator
transition as well as a transition from p-type to
n-type conduction.
3–5 To further explore the chem-
ical composition and structural details and their
inﬂuence on the physical properties, investigations
of single crystals are needed.
EXPERIMENTAL PROCEDURES
Single-phase polycrystalline starting material for
crystal growth was prepared in an argon-ﬁlled glove
box (O2,H 2O<1 ppm) from the elements in a 8:4:42
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1386ratio. Mixtures of crystalline Ba (Chempur, 99.9%
metal basis), Ni foil (Chempur, 99.9% metal basis),
and Ge pieces (Chempur, 99.9999%) were weighed
in glassy-carbon crucibles (ø 12 mm, l = 12 mm,
Sigradur G, HTW) and heated in an induction fur-
nace (Hu ¨ttinger, 5 kW; coil ø 40 mm, length 35 mm,
IR pyrometer, Maurer).
Differential thermal analysis (DTA) measure-
ments showed that the material melts congruently
and that single-crystal growth by the vertical
Bridgman method with open graphite crucibles was
possible. The polycrystalline starting material was
put into a graphite crucible of approximately 8 mm
diameter (Fig. 2a). The growth chamber was ﬁlled
with Ar (2 bar), and the crucible was heated by
induction to 900C during 1 h (Fig. 2b). The crucible
was then slowly moved out of the radiofrequency
(RF) coil, from the hot to the cold zone, at a speed of
around 2 mm/h. A typical crystal grown by this
technique is shown in Fig. 2c. The crystallinity of
all samples was conﬁrmed by Laue investigations.
Various crystals were indexed and oriented
6
(Fig. 3).
A surface of the single crystal parallel to the
growth direction was polished and investigated
by energy-dispersive x-ray spectroscopy (EDXS),
wavelength-dispersive x-ray spectroscopy (WDXS),
and metallography. There is essentially no concen-
tration gradient along the growth direction. The
lattice parameter a = 10.680(1) A ˚ was determined
from powder diffraction
7 using LaB6 as an internal
standard. This is slightly larger than the value
a = 10.676(1) A ˚ given in Ref. 8 and much larger
than the value a = 10.5179(4) A ˚ given in Ref. 9,b o t h
for the nominal composition Ba8Ni6Ge40.
In the clathrate I phase of the Ba-Ni-Ge system,
Ge atoms, Ni atoms, and vacancies share the same
crystallographic site. Therefore, the chemical com-
position cannot be independently reﬁned from x-ray
diffraction data.
3 For the structure reﬁnement, the
Ba:Ni ratio was taken from the WDXS result
Ba8.00(3)Ni3.45(3)Ge42.3(2), obtained using Ba6Ge25
and Ni as standards. Reﬁnement of x-ray powder
data using the Rietveld method resulted in the ﬁnal
composition of Ba8Ni3.5Ge42.1h0.4.
RESULTS AND DISCUSSION
The electrical resistivity q increases with increas-
ing temperature T, a sign of metallic conduction
(Fig. 4). The high residual resistivity value, q(2 K) =
0.68 mX cm, as well as the low residual resistance
ratio, RRR = R(300 K)/R(2 K) = 1.5, suggest classi-
ﬁcation of Ba8Ni3.5Ge42.1h0.4 as a poor metal.
Fig. 2. Process steps of the crystal growth (see text).
Fig. 3. Typical x-ray Laue back-reﬂection photograph of a crystal of
Ba8Ni3.5Ge42.1h0.4 showing the [011] orientation.
Fig. 1. Structure of type I clathrates with X20 cages (yellow/light) and
X24 cages (blue/dark).
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netic ﬁelds up to 9 T (Fig. 5). The charge carrier
concentration calculated from n = 1/(eRH)i s1.9 9
10
21 cm
3 at 300 K (2.3 e
/unit cell). The dominant
charge carries are electrons (n-type), in contrast to
holes found in Ba8Ni6xGe40+x (x = 0 to 0.6).
5
The Hall mobility, lH, decreases with increasing
temperature (Fig. 6). Its room-temperature value,
lH = 3.2 cm
2 V
1 s
1, ﬁts well into the mobility–
carrier concentration relation established for tran-
sition-metal clathrates by Johnsen et al.
4
The thermal conductivity of Ba8Ni3.5Ge42.1h0.4, j,
measured by the laser ﬂash technique, increases
with increasing temperature. At 300 K, it is similar
to the value for Ba8Ga16Ge30 but higher than the
value for Sr8Ga16Ge30.
10,11 The lattice thermal
conductivity, jl, was calculated by using the
Wiedemann–Franz law for the electronic contribu-
tion je, jl = j  je = j  LT/q, with the Lorenz
number L = 2.44 9 10
8 WX/K
2. As seen in Fig. 7,
both je and jl contribute signiﬁcantly to the total
thermal conductivity j.
The thermopower, measured by a four-point
steady-state technique, is, with an absolute value of
55 lV/K at 300 K (Fig. 8), within the range found
for Ba8Ga16xGe30+x (24 lV/K
10 to 120 lV/K
12).
The temperature-dependent dimensionless ther-
moelectric ﬁgure of merit ZT(T) is shown in Fig. 9.
Using a linear extrapolation of the thermal con-
ductivity data to higher temperatures, it is esti-
mated to reach a maximum of ZTmax  0.2 at
680 K. This is higher than for n-type Ba8Ga6Ge40
(ZTmax  0.02 at 300 K)
12 but lower than for
n-type a- and b-Eu8Ga16Ge30 (ZTmax  0.4 at
400 K).
13 For thermoelectric applications, the
Seebeck coefﬁcient and the resistivity need to be
improved by optimizing the Ni content and thus
the carrier concentration.
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Fig. 4. Temperature dependence of the electrical resistivity, q(T), of
Ba8Ni3.5Ge42.1h0.4.
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Fig. 5. Hall coefﬁcient, RH, versus temperature, T,o f
Ba8Ni3.5Ge42.1h0.4. The line is a linear ﬁt to the data.
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Fig. 6. Hallmobility,lH,versustemperature,T,ofBa 8Ni3.5Ge42.1h0.4.
The line is a linear ﬁt to the data.
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Fig. 7. Temperature dependence of thermal conductivity, j(T), of
Ba8Ni3.5Ge42.1h0.4. The lines are linear ﬁts to the data.
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Ba8Ni3.5Ge42.1h0.4 single crystals were grown by
the Bridgman method. Structural and transport
properties were investigated. Ba8Ni3.5Ge42.1h0.4 is
an n-type thermoelectric material with ZT  0.2
at 680 K. For thermoelectric applications, further
optimization of the charge carrier concentration via
variation of the Ni content is necessary.
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Fig. 9. Thermoelectric ﬁgure of merit, ZT, versus temperature, T,o f
Ba8Ni3.5Ge42.1h0.4. The line is obtained by linear extrapolation of
j(T) (Fig. 7) to higher temperatures.
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Fig. 8. Temperature dependence of the thermopower, S(T), of
Ba8Ni3.5Ge42.1h0.4.
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